We apply the analytical model developed previously to the Galactic chemical evolution of elements that in the Solar System come primarily from the s-process, but at low metallicities are believed to come primarily from the r-process. We nd that a \primary" production model is indicated for the s-process, but with two separate time delays that are treated in the \delayed production" approximation and turn out to be of the order of 37 Myr and 2.7 Gyr, corresponding to progenitor masses of about 8M and 1:5M respectively. While the latter component ts in well with current models of s-process synthesis of material in the Solar System, the early component raises some di culties because AGB stars of high mass and low metallicity are observed to generate a high ratio of heavy to light s-process elements, whereas the eld stars presumed to represent the e ects of Galactic chemical evolution still have solar-system like heavy/light ratios.
INTRODUCTION
In a previous paper (Pagel & Tautvai sien_ e 1995: Paper I), we developed an analytical model for chemical evolution in the Galactic disc (including metal-de cient stars, some of which are also believed to belong to the thick disk) and applied it to the development of a simple understanding of the trends of oxygen, -particle and r-process elements relative to iron, nding that the assumption of constant yields with a single time-delay for iron from SNIa, and a shorter single time delay for r-process elements (Eu and Th), gave a satisfactory t to the abundances deduced from observation. A time delay for iron from SNIa very similar to the one estimated by us has since been found on the basis of numerical calculations of Galactic chemical evolution (GCE) by Yoshii, Tsujimoto & Nomoto (1996) . In the present paper we address the problem of the chemical evolution of elements a ected by the s-process, which is more di cult because their absolute and relative yields could in principle be a function of metallicity driven by the abundances of neutron sources and poisons and of iron seeds, although we shall argue that no direct e ects of metallicity are apparent in stars that display the e ects of \normal" GCE.
Abundances of elements above the iron group in the Solar System are thought to have contributions (in di ering proportions) from two main processes, the r and s-processes of neutron capture, with in some cases a small contribution from the p-process (Burbidge et al. 1957) . The s-process has been further subdivided into two distinct components: the main s-process which is tted by an exponential distribution of exposures and dominates the s-process contribution to Rb and heavier elements; and the weak s-process which may be better tted by a single exposure and dominates the s-process contribution to lighter elements such as Cu and Zn (K appeler, Beer & Wisshak 1989) . The weak process is generally believed to result from the 22 Ne( ; n) 25 Mg reaction in massive stars and to be ine ective at low metallicities ( Fe/H] < ?1) because of the shortage of both 22 Ne (resulting from the original CNO content) and iron seeds; this leads to \secondary" production at some stage, aggravated at the lowest metallicities by the abundance of various neutron \poisons" in the He-burning zone (Prantzos, Hashimoto & Nomoto 1990; Raiteri, Gallino & Busso 1992; Bara e & Takahashi 1993) . The elements mainly a ected are largely produced in explosive synthesis in supernovae, however, and will not be considered in this paper.
The main s-process is nicely explained as a consequence of thermal pulses in the AGB phase of a low-mass ( 1:5M ), moderately low-metallicity (Z Z =3) star, in which a small 13 C pocket is assumed to be ingested by the rising inter-shell convective zone generated in each pulse and provides neutrons by the 13 C( ;n) 16 O reaction and Numbers in the rst 4 rows (apart from the error estimates) are taken from Raiteri, Gallino & Busso (1992) . The others are based on data for individual isotopes given by K appeler, Beer & Wisshak (1989) . Numbers in the second column are meteoritic abundances relative to log H = 12.
this is followed by a brief neutron burst from
22
Ne at the peak temperature reached by the convection zone during the pulse which takes care of a few minor features in the abundance distribution (Hollowell & Iben 1989; K appeler et al. 1990 ). On this model any eventual dependence of the yield on metallicity is hard to predict, since it depends on the mass of the 13 C pocket, which has to be assumed arbitrarily. Observed stellar abundances in the disc, at least, show little variation in the s-process abundances relative to iron, which is probably a good standard to judge by (as opposed to oxygen for instance) because the low mass of the s-process progenitors will lead to a similar time delay. Clayton (1988) argued that s-process production from the 13 C source could well be \primary" because the neutron density (and hence the mean exposure or \ uence" 0) is inversely proportional to the density of targets, i.e. in rst approximation to Z, thus compensating the reduced abundance of iron seeds. Malaney & Fowler (1989) tested this e ect with numerical models and found that it actually resulted in overkill, i.e. it led to an s-process yield which increases with decreasing metallicity (again in con ict with a constant s/Fe ratio) and suggested that a constant yield might be restored if a larger amount of the neutron poison 14 N was produced in the 13 C pocket at lower metallicities; this itself depends on the arbitrary amount of protons ingested by semiconvection or some other mixing process into the 12 C-rich inter-shell region. Be that as it may, the increase in 0 towards low metallicities implies an increase in the abundance of heavy main s-process products (Ba, La) relative to lighter ones (Sr, Y, Zr) which is indeed observed in low-metallicity giant CH stars (Wallerstein & Greenstein 1964; Luck & Bond 1991; Vanture 1992; Kipper & J rgensen 1994; McWilliam et al. 1995) , and in massive AGB stars (7M ) in the SMC (Plez, Smith & Lambert 1993) , although in these cases a single exposure seems to be indicated, rather than an exponential distribution. On the other hand, there is no trace of such an enhancement of heavy s-process elements relative to lighter ones in Galactic eld stars of low metallicity (see Fig 3) ; a partial explanation may be that, owing to the large scatter that exists in stellar metallicities at any given time, there is but a poor correlation between the metallicities of stars observed and those of their s-process progenitors, so that any abundance e ects on the yields tend to be washed out. In any case, we shall treat the s-process as \primary" and discuss it in the same way as we did the undisputedly primary elements studied in Paper I.
R AND S-PROCESS CONTRIBUTIONS TO INDIVIDUAL ELEMENTS
Early work on heavy-element abundances in metal-de cient stars, going back to investigations by Pagel (1965) and Spite & Spite (1978) and reviewed by Wheeler, Sneden & Truran (1989) , showed that Sr, Y, Zr and especially Ba begin to decline in abundance relative to Fe as Fe/H] decreases below -2.3 or so, and Truran (1981) postulated that, at low metallicities, only the r-process was e ective in producing them, a suggestion that has since been supported by many element:element ratios measured in metal-de cient stars, e.g. Sneden & Parthasarathy (1983 ), Gilroy et al. (1988 , Lambert (1989) . However, an s-process contribution is noticeable in many metal-de cient stars, even when Fe/H] < ?2:5; an interesting case is that of the subgiant HD 140283 in which Magain (1995) has argued on the basis of absence of hyper ne structure broadening of the BaII line 4554 that mainly even-A isotopes (134, 136 and 138) , formed by the s-process, are present although Ba is overde cient relative to Eu (Gilroy et al. 1988 ), a fact that had previously been attributed to an r-process origin. There are two factors that may contribute to the solution of this paradox. Possibly the Ba/Eu ratio was underestimated by Gilroy et al., leaving room for a dominant s-process contribution, and possibly the hyper ne structure broadening of the odd barium isotopes is diluted by the existence of a signi cant r-process contribution to 138 Ba; K appeler, Beer & Wisshak (1989) give only an upper limit for the latter, but the existence of a smooth relation between r-process abundance and mass (1996) for CS 22892 -052 and the large empty square is the prediction for a pure r-process based on the Solar System data in Table 1. number (Fig 6. 7 of K appeler, Beer & Wisshak) does imply that this contribution is at least not negligible.
Taking the results of Gilroy et al. (1988) at face value, Pagel (1989) attempted to explain the chemical evolution of Ba by postulating an instantaneous r-process component corresponding to the r-process contribution of 12 per cent to the solar-system abundance (Cameron 1982) combined with a single time-delayed contribution from a primary sprocess, but this model was quite unsatisfactory because it predicted large positive values of Ba/Fe] at moderate metalde ciencies (Pagel 1991) . A number of developments since then make a fresh discussion of interest: Mathews & Cowan (1990) have pointed out that Eu, virtually a pure r-process element, itself displays signi cant underabundance relative to Fe at the lowest metallicities, consistent with a small time-delay for the r-process (cf. Mathews, Bazan & Cowan 1992) . We have adopted this idea in Paper I. The discovery by Sneden et al. (1994) star CS 22892-052, which acts as a Rosetta stone for the r-process. A very careful analysis of this star (Sneden et al. 1996) reveals that the r-process pattern there is identical within errors to that in the Solar System (after allowing for Th decay), which is a highly significant result as it provides a rm basis for the analysis of r and s-process contributions in other stars. The rprocess contribution to each element can now be judged either according to solar-system data (Cameron 1982; K appeler, Beer & Wisshak 1989) or according to the deciency found relative to Eu or Dy in that star, with reasonably good agreement. Relevant numbers are shown in Table 1 , where we list relative contributions from the weak and main s-processes and from the r-process according to solar-system data after K appeler, Beer & Wisshak (1989) updated by Raiteri, Gallino & Busso (1992) , the resulting de ciency relative to europium in a pure r-process and the corresponding de ciencies actually found in CS 22892-052 by Sneden et al. (1996) . Several more abundance determinations have been made in recent years, especially those by Edvardsson et al. (1993) for disc stars and by Gratton & Sneden (1994) for metal-de cient stars, which we emphasise the most in our ts. The recent determination by Woolf, Tomkin & Lambert (1995) of europium abundances in a subset of the the disc sample of Edvardsson et al. (1993) gives results that are in excellent agreement with the model we developed in Paper I, inspired by the work of Mathews, Bazan & Cowan (1992) . Other investigations (Ryan, Norris & Bessell 1991; McWilliam et al. 1995) have demonstrated the existence of a vast amount of scatter in the heavy-metal:iron ratio at given metallicity for Fe/H] < ?2, not all attributable to the BaII or CH star phenomenon (cf. Gri n et al. 1982). In particular, several stars show r-process enhancements (which also lead to relatively high abundances of Sr and Ba), which suggests that they have been a ected by a nearby supernova, while stars in ! Centauri curiously show a shortage of r-process and an excess of s-process (Norris & da Costa 1995; Smith, Cunha & Lambert 1995 suggests, however, that only a minority (albeit a substantial one) of eld stars display such anomalies, while the majority form a well-de ned pattern in the lower part of the ( m/Fe], Fe/H]) plane that can be clearly seen in the data of Gratton & Sneden (1994) which also seem to be among the most accurate. We shall therefore take these results as representing what we choose to regard as \normal" GCE, to which it is of interest to apply our model from Paper I.
SEPARATING R AND S-PROCESS CONTRIBUTIONS
To visualize the development of r and s-process contributions to the various elements of interest, we show in Fig  1 the data for element ratios relative to europium, taken as representative of a virtually pure r-process. As expected, most elements with a large s-process contribution according to Table 1 show a progressive increase from somewhere near the pure r-process ratio to the solar-system ratio at whereafter they move up to solar ratios, although Rb (for which the abundances are rather uncertain, 0:2 dex in the average according to Gratton & Sneden 1994 ) and Zr do not conform to this pattern. The pattern, if real, is precisely what one might expect for a primary element involving two contributions with di erent time delays, over and above the r-process contribution, and is readily explained in the context of our model and chemical evolution equations from Paper I with the yields and time delays given in Table 2 , as shown in Fig 2. (Our value of ! for the r-process has been reduced from 0.008 in Paper I to 0.007 in the light of the information from additional elements.) The real situation is probably more complicated, but the data hardly justify a more elaborate treatment. The yields in Table 2 have been chosen ad hoc with certain constraints. The prompt and slightly delayed yields for the r-process are in the same ratio and have the same time delays for all elements, in accordance with the evidence that the r-process has a unique outcome wherever it occurs. In the case of the s-process, we assume that the two contributions should be in the same ratio and involve the same time delays for the elements near a given magic-number peak, but possibly di erent ratios and time delays between the N = 50 peak (Rb to Zr) and the N = 82 peak (Ba to Sm). (This could be an oversimpli cation because the Rb/Sr ratio, for example, is sensitive to neutron density (Tomkin & Lambert 1983; Malaney 1986; Lambert et al. 1995.) ) In our basic model, we have the same ratios (which happen to be 1:1) and time delays for both sets of elements, which gives a tolerably good t in most cases, except for Sr, Y and Zr in the one star HD 122563 ( Fe/H] = ?2:66). The remaining discrepancies do not seem especially signi cant in the context of Fig 2, but they appear somewhat more signi cant in Fig 3 in which we plot ratios of Ba to elements on the N = 50 magic-number peak, for which considerably more data are available. The agreement is somewhat improved if we postulate an alternative model which assumes a slightly smaller time delay for the rst s-process component a ecting the elements Rb to Zr, leaving that of the other component unchanged. Some numerical results from our models are given in Table 3 . Fig 4 shows the evolution of heavy-metal to iron ratios, which we consider to be well tted by either of our models, bearing in mind that we aim to account for the lower envelope in the region below Fe/H] = ?2:3 where there is a large scatter. We believe that our model, postulating a low plateau for Fe/H] < ?2:7, followed by a sudden rise to m/Fe] 0 between Fe/H] = ?2:7 and ?2:3, is a real feature of the data which is naturally explained by a primary model with time delays, and that any dependence of yields on metallicity is obscured by other factors. The near constancy of s-process to iron ratios for Fe/H] > ?2 results from the similarity in time delays between SNIa a ecting iron (! = 0.4 according to Paper I) and low-mass AGB stars (! = 0:8) a ecting s-process elements, but the slight di erence between them gives a good t to the observed tendency of elements with sprocess contributions to have positive m/Fe] values (smaller than those of the mainly r-process elements) in the range ?2 < Fe/H] < ?1, followed by slightly negative values in the range ?0:8 < Fe/H] < ?0:3.
DISCUSSION
We have found that at least two separate contributions to the s-process are required to explain the GCE of the relevant elements. One of these, shown in columns 5 and 9 of Table 2 , is exactly what one might have expected from current models of s-process synthesis of the nuclides in the Solar System, i.e. thermal pulses in the AGB phase of a low-mass, moderately low-metallicity star (K appeler et al. 1990 ), but this seems only to account for roughly about half of the abundance of s-process nuclides in the present-day Galaxy. The rest begins to appear already at Fe/H] = ?2:5 or so, in stars that are almost as old as the Galaxy itself, and is surprisingly similar in the heavy/light s-process element ratio which is a signature of the neutron exposure history. Abundance data (Norris & Da Costa 1995; Smith, Cunha & Lambert 1995) for the globular cluster ! Cen, where s-process elements are somewhat overabundant relative to eld stars and other clusters for Fe/H] > ?1:4 or so, also suggest that the heavy/light ratio is enhanced relative to solar-system values in just a few extreme cases, whereas for most of the stars it is the same. Norris & Da Costa accordingly suggest that the self-enrichment of ! Cen involved low-mass AGB stars (1.5 to 3M ) evolving over time scales of 0.5 to 2 Gyr or so, whereas Smith, Cunha & Lambert favour more massive intermediate mass stars (up to 8M ) with a high single neutron exposure from the 13 C source capable of explaining the low but non-zero Eu abundance by a pure s-process. We see some di culties in both hypotheses, since the long time scale in ! Cen, if relevant, should (as has also been suggested by Gratton & Sneden 1994 ) apply equally to the eld stars for which we are trying to model GCE and for which we nd an Fe/H] threshold for the early s-process di ering only a little from that for the r-process to which a short time-scale most probably applies; and the massive AGB stars, while tting our time scale very nicely, would only be relevant to the extreme stars with large heavy/light s-process ratios. Furthermore, it seems that even low-mass AGB stars (the progenitors of CH stars) produce large heavy/light ratios . The large open square shows the r-process ratio predicted from Solar System data according to Table 1 and the black 5-pointed star the corresponding ratio from CS 22892-052. 4.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 a Basic model b Alternative model at such low metallicities. Thus, both in our case and that of the less extreme stars in ! Cen, we are forced back on the hypothesis that an unknown class of fairly massive stars supplied s-process elements in solar system-like proportions, presumably from the 13 C source, at an early stage in the evolution of the Galaxy.
Our alternative model allows for the possibility of an additional class of massive stars producing s-process nuclei on the rst magic-number peak only; this could arise from a low single neutron exposure, or from an exponential distribution with a low value of 0. The \secondary" nature of the 22 Ne source makes the 13 C source a more likely candidate in this case also, however.
